An initial-value problem is employed with a GCM to investigate the role of the convectively driven Rossby and Kelvin waves for tropopause-transition-layer (TTL) upwelling in the tropics. The convective heating is mimicked with a prescribed heating field and the Lagrangian upwelling is identified by examining the evolution of passive tracer fields whose initial distribution is identical to the initial heating field. This study shows that an overturning circulation, induced by the tropical Rossby waves, is capable of generating the TTL upwelling. Even when the heating is placed in the eastern Pacific, the TTL upwelling occurs only over the western tropical Pacific, indicating that the background flow plays a crucial role. The results from a Rossby-wave source analysis suggest that a key feature of the background flow is the strong absolute vorticity gradient associated with the Asian subtropical jet. In addition, static stability is relatively weak over the western Pacific, providing additional favorable conditions for TTL upwelling.
Therefore, the occurrence of upwelling above ∼ 13 km is not a result of the direct response to the diabatic heating. Two tropical locations are chosen for the heating, one centered at (150 o E, 0 o ) (western Pacific heating, hereafter), and the other at (120 o W , 0 o ) (eastern Pacific heating, hereafter). The heat sources are gradually turned on during the first day, and turned off during the tenth day of the integration.
As stated in the Introduction, a passive tracer is used to study the initial transient evolution of the model's water vapor. A patch of the tracer is released initially, where the patch is co-located with the heating and also takes on the same distribution as that of the heating (again see the heating profile in Fig. 1 of RLS). In this study, the value of the tracer mixing ratio is arbitrary. However, to help facilitate assessments of the proposed BLN mechanism, initial mixing ratio values are prescribed assuming that the amount of water 5 vapor is equal to the amount necessary to produce the prescribed heating from condensation.
The total tracer mixing ratio is conserved by using the adjustment process described by Son and Lee (2005) . For the vertical advection, a centered finite difference scheme is employed.
To ensure a reasonable degree of accuracy, fine vertical resolution of about 90 m is used in the TTL region (Fig. 1b of RLS) .
In the rest of the paper, the response of the model atmosphere to the idealized heating is defined as a deviation from the basic state.
3 Tropical wave and tracer transport responses a. horizontal wave structure
Before inspecting the time evolution of the tracer fields, we briefly examine the circulation response to the heating, so as to place the tracer-field evolution in the context of the circulation response to the heating. Figure 1 shows the 14-km perturbation pressure and horizontal wind fields, both for the 2-D (left column) and for the 3-D (right column) basic states. For the 3-D basic state, the heat source is placed in the western Pacific, centered at (150 o E, 0 o ). For both basic states, the day-4 response shows the hallmark of the Gill-type forced tropical wave response (Gill 1980) , with equatorially trapped Kelvin wave to the east, and a pair of Rossby waves poleward and to the west of the heating. However, after day 8, the Rossby waves propagate poleward, especially in the Northern Hemisphere (NH). Because the heating is symmetric about the equator, this asymmetry between the NH and the Southern Hemisphere (SH) responses is due to hemispheric differences in the background flow. At day 10 and onward, after the heating is turned off, the unforced Kelvin wave starts 6 to propagate rapidly to the east, while the Rossby waves continue to propagate poleward and eastward, followed by a equatorward reflection at high latitudes. This Rossby wave behavior deviates from the Gill response, which is strictly valid for a steady linear response in a resting background state, but it conforms to the results obtained by Jin and Hoskins (1995) .
b. Tracer evolution: western Pacific heating
The equatorial cross-sections of the tracer fields are shown in Figs. 2 and 3 for the 2-D and 3-D basic states, respectively. The passive tracer remains trapped within the troposphere for the 2-D basic state, while for the 3-D basic state, it gradually rises through the TTL, crossing the tropopause (thick solid line) by day 12. Because the convective heating is confined to levels below 175 hPa, and also because convective overshooting is absent in this model, the upwelling is neither a direct response to the heating nor is it due to convective overshooting.
Moreover, because the upwelling tracer crosses the isentropic surfaces, the rising motion cannot be explained by adiabatic wave motions. Instead, these characteristics are consistent with the BLN mechanism where the upwelling is a manifestation of a forced overturning circulation driven by Rossby wave momentum flux divergence. This wave momentum flux divergence field will be examined in the next section.
The 3-D case also shows the formation of a shallow cold layer (a negative temperature perturbation) in the upper part of the TTL, directly above the heating. As was analyzed in RLS, this cold layer comprises part of the vertically propagating Kelvin wave excited by the heating. RLS also showed that the Kelvin wave may attain its largest amplitude in this region because the wave is modulated by the zonal and vertical variations in the background 7 state. It can be seen that the bulk of the upwelling tracer transits through this cold layer, supporting the hypothesis described in the introduction that both the upwelling and the cold trap may arise from waves excited by the heating. This picture also suggests that the occurrence of conjoined TTL upwelling and the cold trap is not a coincidence.
Figure 3 also shows that by day 16, the tracer makes its appearance over the eastern Pacific, below 15-km level. The horizontal distribution of the tracer field (Fig. 4) shows that while the tracer rises through the TTL, it is also transported horizontally. Following the anticyclonic circulation of the Rossby wave pair, the tracer is first transported toward the extratropics over the western Pacific (day 8) and then back to the tropics in the eastern Pacific (days 12, 16, and 20) . This tracer-field evolution resembles the adiabatic back trajectory pattern 1 calculated by Pfister et al. (2001) who studied the origin of the moist air parcels that are necessary for the formation of the cirrus clouds observed over the central Pacific.
c. Tracer distributions: eastern Pacific heating
The finding that the TTL upwelling occurs in the 3-D basic state, but not in the 2-D basic state, implies that the background state plays an important role for generating the upwelling.
1 Because their back trajectory was calculated along the 380K isentropic surface, the distribution of the tracer at a constant height level (i.e., 17 km in this case) may not be directly compared with their result.
During the NH winter, between 10 o S and 10 o N , the 380K isentropic surface lies at a level close to 17 km. 
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This result also suggests that the occurrence of the western Pacific TTL upwelling may not necessarily be due to the proximity of the convection, but rather due to the background flow, an indirect effect of the convection. This possibility can be addressed by placing the convective heating elsewhere in the tropics, e.g., in the eastern Pacific. Figure 5 shows the horizontal response of the tropical waves to the eastern Pacific heat source. While this integration employed the 3-D basic state, the Rossby wave signal to the west of the heat source more closely resembles that for the 2-D basic state (see Fig. 1 ) than that for the 3-D western Pacific heat source. In both cases, the two anticyclonic circulations form closer to the equator than those in the western Pacific case.
Again similar to the 2-D basic state case, the vertical cross-sections of the tracer ( the Rossby waves are displaced more poleward than they were over the eastern Pacific. This poleward displacement somewhat resembles the response seen for the western Pacific case (right column in Fig. 1 ). These results, together, suggest that the western Pacific upwelling may hinge on Rossby waves taking on the particular structure, more clearly shown in Fig.   1 , where the waves tilt so as to transport westerly momentum toward the equatorial region.
This again supports the BLN mechanism. As such, in the next section, we will examine the momentum flux convergence of the simulated Rossby waves and discern whether the flux divergence and vertical motion fields are consistent with the picture predicted by BLN (see 4 Mechanisms for the TTL upwelling a. Rossby wave driving
As was motivated in the previous sections, we examine here whether the simulated TTL upwelling is consistent with the BLN mechanism. Figure . For the first 10 days, when the heating is turned on, the perturbation vertical velocity is defined as the total response on that day minus the day-3 response. By day 3, the total vertical velocity, averaged over the western Pacific region, is observed to asymptote to a constant value. The day-3 response is thus subtracted so as to isolate the vertical velocity field driven by the wave momentum flux. Beyond day 10, after the heating is turned off, the perturbation vertical velocity is defined as the total response on that day minus the basic state. The perturbation vertical velocity fields, between days 3 and 12, are consistent with the expected thermal wind adjustment driven by the corresponding eddy momentum flux convergence fields, with rising (sinking) motion above (below) the level of maximum flux convergence, conforming to the BLN mechanism. For example, at day 8, equatorial upwelling (downwelling) occurs above (below) the 13-km level, the equatorial center of the eddy momentum flux convergence. However, on days 16 and 20, the perturbation vertical velocity fields do not entirely match with the BLN mechanism. This is because the eddy momentum flux convergence decreases significantly from day 12 to day 16, yet the TTL upwelling becomes stronger at day 16. Instead, the wind vectors shown in Figs. 1 and 3 suggest that the Kelvin wave, which re-enters the western Pacific region, may also contribute to this upwelling.
For the case of the eastern Pacific heating, the perturbation vertical motion is characterized by a muted TTL response and a relatively strong response below the TTL. As will be described below, it appears that these characteristics can be attributable both to a stronger 11 TTL static stability and to a more complex eddy flux structure than the western Pacific case.
The static stability field, shown with shading in the right columns in Figs. 7 and 8, exhibits a stark contrast in the TTL region between the western and eastern Pacific, with the former being much weaker than the latter. In addition, in the eastern Pacific, the weakest static stability occurs between ≈ 8 km and ≈ 13 km, below the TTL. Accordingly, the vertical motion is also confined to this layer and is very weak in the TTL. Except at day 4, sinking motion prevails at the equator. On day 12, in particular, strong equatorial sinking motion develops below the level of maximum convergence. This again conforms to the expectation based on thermal wind adjustment. However, above the level of maximum convergence, the expected upward motion is absent, again presumably due to the large static stability in that region (see Fig. 8 ).
The analysis presented in this section suggests that the presence of the TTL upwelling in the western Pacific can be ascribed both to a weak static stability in that region and to the eddy momentum flux convergence field taking on a favorable structure. Conversely, the lack of TTL upwelling for the eastern Pacific heating case can be attributed to the absence of these two features. In the next subsection, by comparing the Rossby wave response in the western and eastern Pacific, we will address the question of why the eddy momentum flux takes on its particular spatial structure.
b. Rossby wave source Figure 9 shows the barotropic and baroclinic components of the response for the western (left column) and eastern (right column) Pacific heating cases, where the barotropic and baroclinic components of a field, F , are, respectively, defined as F (850hP a)) . In both cases, the baroclinic flow is comprised of equatorially trapped Rossby and Kelvin waves, the hallmark of the Gill-type, near field response. In contrast, the barotropic component of the Rossby waves, shown in Fig. 9 , freely propagate into the extratropics, generating a far field response. As discussed earlier, it is these meridionally propagating Rossby waves that generate the eddy momentum flux convergence in the tropics, which in turn spawn the TTL rising motion. Therefore, in the rest of this subsection, the analysis will be focused on the barotropic component of the response.
Because the Rossby wave response can be interpreted using the concept of the Rossby wave source (RWS, hereafter), formulated by Sardeshmukh and Hoskins (1988) , we next examine the RWS fields generated by the heating. The Rossby wave source is defined as (Fig. 9a) Figure 9a shows a cyclonic circulation which forms to the south of the first anticyclone and to the west of the second anticyclone. The generation of this cyclonic circulation is consistent with Rossby wave dispersion that would result from these two centers of negative RWS. Because this cyclone is associated with the equatorial westerly patch over the western Pacific, it can be inferred that the eddy momentum flux convergence into the equatorial region is carried out by this cyclonic circulation, and that this cyclone, in turn, owes its existence to the two centers of negative RWS. Over the eastern Pacific (Fig. 10b) upwelling, but such upwelling is absent, presumably because the static stability in this part of the equatorial region is too strong.
The above RWS analysis indicates that the latitude of the RWS plays an important role for ultimately generating the equatorial eddy momentum flux convergence over the western Pacific. Figure 10c displays V ′ χ (vectors) and ζ (contours), where the overbar denotes the DJF climatological mean (basic state), and the prime does the perturbation from the basic state. As was shown by Qin and Robinson (1993) , because the resulting advection term, is associated with the strong subtropical jet which, in large part, is driven by climatological western Pacific heating. In comparison, the absolute vorticity gradient over the eastern Pacific is weaker and spread evenly throughout the tropics and subtropics. The eastern Pacific RWS (Fig. 10b) is consistent with this ζ field.
The analyses in this subsection collectively suggest that the occurrence of eddy momentum flux convergence can ultimately be attributed to the strong climatological heating in the western Pacific, since the resulting climatological subtropical jet determines the latitudinal position of the RWS. Likewise, it can be inferred that the lack of eddy momentum flux convergence over the eastern Pacific can be ultimately ascribed to the weak climatological heating in that region.
Role of tropical waves for the stratospheric water fountain
In this section, we test the hypothesis that the upwelling tracer, examined in earlier sections, passes through the Kelvin wave 'cold trap' that occurs at the CPT. Figure 11 displays latitude-height cross-sections of the tracer and perturbation temperature fields, averaged over the longitudes between 120 o E and 180 o . For the western Pacific heating case (left column of Fig. 11 ), longitude-height cross sections were also shown (Fig. 3) where it was noted that the path of the upwelling tracer intersects with the Kelvin wave 'cold trap'.
The time evolution of the tracer field, shown in the left column of Fig. 11 , reveals that the upwelling tracer (forced by the Rossby wave momentum flux), as it continues to ascend, enters the cold trap between day 16 and day 20. These figures also show that once the tracer reaches the cold trap, it is transported poleward and downward, following the isentropes. If this tracer was water vapor, as it passes through this cold region, enhanced dehydration would be expected to occur. (Although the zonal mean of the minimum temperature perturbation is −1.2K (see day 16), Fig. 3 shows that the minimum can be as low as −2.0K.) As such, the poleward and downward air that enters the extratropics is expected to be drier than the upwelling air in the tropics. Although this model calculation utilized an idealized setting, the above conjoined feature between the tracer and the cold pocket is reminiscent of the satellite observations shown in Fig. 6 of Randel et al. (2001) . In addition, at days 16 and 20, it can also be seen that a thin layer of tracer forms between 17km and 18km. Such a layer, if it also forms in the atmosphere, may help explain the formation of the the observed thin cirrus clouds (Wang et al. 1996; Pfister et al. 2001 ).
It was suggested in the previous sections that the presence (absence) of TTL upwelling in the western (eastern) Pacific can be ascribed to the western Pacific background state having favorite characteristics, in terms of both the static stability and the RWS. To further test this possibility, an additional experiment was performed wherein the heating was placed in the eastern Pacific, but the initial tracer mixing ratio was set to be zonally uniform between 10 o S and 10 o N. The result is presented in the right column of Fig. 11 . During the first 10 days, while the heating was turned on, there is no evidence of TTL upwelling (not shown in Fig. 11 , but this can be expected from the day-4 and day-8 snapshots in Fig. 6 ). However, by day 12, upward transport starts to occur (see also the wind vectors).
The subsequent tracer evolution, on days 16 and 20, resembles that of the western Pacific case. This result once again underscores the earlier impression that the prevalence of TTL upwelling is not necessarily due to direct effect of the convection, but rather to the properties of the background state over the region. To the extent that the CPT cold trap can be ascribed to the Kelvin wave, as was analyzed by RLS, the same conclusion can be drawn for the formation of the cold trap.
Conclusions
The impact of convectively driven Rossby and Kelvin waves is investigated with an idealized global general circulation model. With the DJF climatological flow as the basic state, TTL upwelling is found to occur over the western tropical Pacific. The upwelling is stronger and penetrates to a higher altitude when the heating is placed in the western
Pacific, but substantial western Pacific TTL upwelling still occurs even when the heating is placed in the eastern Pacific. In the latter experiment, in spite of the proximity to the heating, TTL upwelling does not occur over the eastern Pacific. TTL rising motion is also absent in a run where the zonally averaged DJF climatological flow is used as the basic state.
These results imply that the background state plays an important role for the occurrence of western Pacific TTL upwelling.
We identify two properties of the background state that are important for this upwelling.
First, the TTL static stability over the western Pacific is much weaker than that over the eastern Pacific. Second, the results from a Rossby wave source analysis suggest that the occurrence of eddy momentum flux convergence, which drives the TTL upwelling in our calculation, hinges on the strong absolute vorticity gradient associated with the Asian subtropical jet. Because both of these properties can be ascribed to the climatological convective heating over the western tropical Pacific, it can be concluded that the western tropical Pa-cific heating is ultimately responsible for the TTL upwelling, but that it is realized indirectly through its impact on the background flow and the convectively driven Rossby waves. The analysis presented in this study supports the BLN hypothesis that the TTL upwelling is part of a forced overturning circulation driven by Rossby wave momentum flux convergence. However, calculations in this study also raise the possibility that vertically propagating Kelvin wave may also contribute to the TTL upwelling.
As was proposed by RLS, the background flow modulates the internal Kelvin waves in a manner that results in the coldest part of the Kelvin wave occurring at the CPT over the western tropical Pacific. Accordingly, the upwelling air, induced by the Rossby wave flux, passes through the Kelvin wave 'cold trap'. These results are summarized schematically in Fig. 12 which illustrates that the convective heating drives both Rossby and Kelvin waves, the Rossby wave then drives the TTL upwelling, and finally the upwelling air enters the Kelvin-wave 'cold trap'. This air subsequently exits toward the extratropics along isentropic surfaces. This picture provides a self consistent mechanism for both the stratospheric water fountain and the freeze drying (Newell and Gould-Stewart 1981) .
Our mechanism may also offer an explanation for the observed trend of tropical stratospheric cooling (Rosenlof and Reid 2008; Thompson and Solomon 2005) and increasing stratospheric water vapor (Oltmans et al. 2000; Rosenlof et al. 2001 ). Rosenlof and Reid (2008) also provided evidence that the tropical stratospheric cooling is highly correlated with an increase in the sea surface temperature (SST). Because convective heating is expected to strengthen in response to a rising SST, the resulting tropical waves are likely to attain larger amplitudes. According to our mechanism, the intensified waves, in turn, would strengthen the TTL upwelling and the CPT cooling. This possibility can be tested, but doing so is 18 beyond the scope of this study.
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Figure captions Figure 11: Latitude-height cross-section of the perturbation temperature (contours), wind vectors (arrows), and tracer mixing ratio (shading). The left column is for the western Pacific heating case and the right column is for the case in which the heating is placed in the eastern Pacific, but the initial tracer distribution is zonally uniform. The contour interval for temperature is 0.3K. The vertical wind is multiplied by 1.5 × 10 3 so that the slope of the wind vectors is consistent with the aspect ratio of the figure. All variables are averaged between 120 o E and 180 o .
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Rossby wave
Kelvin wave cold trap dry air EQ 30N 30 S w Figure 12 : A schematic of the convective heating, poleward propagating Rossby wave (wavy arrows), TTL upwelling (thick arrow), and cold trap (shading) associated with the vertically propagating Kelvin wave. The letter "W" indicates westerly eddy momentum flux convergence and the dashed ovals with arrows indicate the secondary circulation driven by the westerly momentum source. A similar schematic was shown by Boehm and Lee (2003) , but their picture did not include the Kelvin-wave cold trap.
